In order to explain the phenotype observed in Lhx2 mutant embryos, we previously proposed that an Lhx2 related gene might exist. We now have cloned a new LIM/homeobox gene called Lhx9. Lhx9 is closely related to Lhx2 and is expressed in the developing central nervous system (CNS). Lhx9 and Lhx2 have expression patterns that overlap in some areas but are distinct in others. Thus, in some developmental domains these two highly related proteins may be functionally redundant. Lhx9 is expressed in the pioneer neurons of the cerebral cortex, while Lhx2 is expressed throughout the cortical layers. Postnatally, Lhx9 is expressed in the inner nuclei of the cerebellum, while Lhx2 is in the granular layer. In the developing limbs, both genes are highly expressed in a similar pattern. Based on the expression pattern and the developmental regulation of Lhx9, we propose that Lhx9 may be involved in the specification or function of the pioneer neurons of the cerebral cortex. We show that both Lhx9 and Lhx2 bind the LIM domain binding protein Ldb1/Nli1/Clim2.
Introduction
The LIM/homeobox gene Lhx2 is expressed in the cerebral cortex and inactivation of the gene leads to an embryonic lethal phenotype with a hypoplastic neocortex and an aplastic archicortex (Porter et al., 1997) . Moreover, Lhx2 mutant mice do not show any apparent limb phenotype, although Lhx2 is strongly expressed there. In an attempt to search for a functionally redundant gene, we cloned a novel LIM/homeobox gene that is expressed in the developing cortex and in the limb bud. We called this gene Lhx9 for LIM homeobox 9.
Lhx9 cDNA shows a high degree of homology with Lhx2 (62%). The cDNA predicts a protein of 397 amino acids which, like the other members of this family, encodes two LIM domains and a homeodomain (Fig. 1) . Lhx9 is the homologue of the chicken gene initially published as being the Lhx2 homologue and called Lh2B ( Fig. 1 ) (Nohno et al., 1997) .
We have studied the expression of Lhx9 during development, and have compared its expression with that of Lhx2. In the developing forebrain, Lhx9 expression is first seen at E10.5. In the cerebral cortex of E12.5 embryos, Lhx9 is expressed in a layer of superficial cells (Fig. 2) . The layer of cells expressing Lhx9 constitute the preplate, which contains nerve fibers and Cajal-Retzius cells (Ogawa et al., 1995) . Cajal-Retzius neurons are the first neurons to differentiate in the forebrain and are thought to function in determining the radial organization and innervation of the cortex (Marin-Padilla, 1971; Marin-Padilla, 1998) . In comparison, Lhx2 is expressed throughout the cortex, both in the ventricular and in the preplate zone (Fig. 2) . By E15.5 Lhx9 expression is downregulated in the cerebral cortex (data not shown), while the expression of Lhx2 is maintained. The onset of Lhx9 expression coincides with the initial specification of Cajal-Retzius neurons (Ogawa et al., 1995) . Thus, it is possible that Lhx9 functions in the specification of this neuronal cell type.
Postnatally, Lhx9 and Lhx2 have distinct expression patterns in the brain. In the cerebral cortex, Lhx2 continues to be expressed, whereas, Lhx9 expression was not detected (Fig. 2E,F) . Lhx9 expression is maintained after birth in the hippocampal formation where it is restricted to the dentate gyrus and the CA2 and CA3 fields, while Lhx2 is expressed throughout the hippocampus (Fig. 2G,H) . In the dorsal thalamus and the mid-brain, Lhx2 and Lhx9 have similar expression patterns (Figs. 2 and 3) . Postnatally, in the cerebellum, Lhx9 is expressed in the inner nuclei, while Lhx2 is in the external granular layer. These two areas originate from separate precursor cells (Jacobson, 1991) . The expres- 
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Hippocampal formation at P7 stage. Lhx9 is expressed in the dentate gyrus and in both CA2 and CA3 field. Lhx2 is also expressed in the CA1 field, (H). Abbreviations: BG, basal ganglia; Cx, cerebral cortex; DG, dentate gyrus; Hc, hippocampal formation; LV, lateral ventricle; OE, olfactory epithelium; T, thalamus. sion patterns of Lhx2 and Lhx9 also differ in that Lhx2 is strongly expressed in the olfactory epithelium and in the developing retina, while Lhx9, instead, is excluded from both of these areas (Figs. 2 and 3 ). Both Lhx9 and Lhx2 are expressed in the developing limbs (Fig. 4) . The drosophila homologue of these mouse genes, apterous, functions to define the dorsal aspect of the wing (Bourgouin et al., 1992; Cohen et al., 1992) ; also another LIM homeodomain protein, Lmx1, has been reported to function in the specification of the dorsal aspect of the vertebrate limb (Riddle et al., 1995) . The expression patterns of Lhx9 and Lhx2 do not suggest a similar role in limb development, because both of these genes are expressed in both the dorsal and ventral progress zone (Fig. 4) .
We used far-Western blotting to test the binding of Lhx9 to the LIM domain binding protein Ldb1 (Agulnick et al., 1996; Jurata et al., 1996) . Protein probes were produced by in vitro translation, and as shown in Fig. 5 , full-length Lhx2 and Lhx9 proteins bind strongly to Ldb1. The more distantly related protein MLP (Arber et al., 1994) does not bind to Ldb1.
Material and methods

Cloning of the Lhx9 cDNA
To isolate the Lhx9 gene we used as a substrate, DNA made from an E12 phage library (Novagen). The PCR reaction was performed as follows: 94°C 5′; 94°C 40′′; 50°C 60′′; 72°C 60′′ (35 cycles step 2, 3 and 4); 72°C 10′. The following nested primers were utilized: CR5′: ATGCGAATTCGGC ATGAAGGACA(A,G)CCTGG; CR3′-3′: GATCGGA TCC GGGTCGCCATGCGCTT(G,T)GTC. A nesting reaction was then performed, with the following primers: CR5′-3′: AGCTGAATTCNCA(A,G)CTNAG(C,T)TA(C,T)ACN GA(A,G); CA3′-5′:GCATGGATCCNGANGGNGG(A,G) TANGG(C,T)TG(C,T)TG. A PCR fragment was used to screen an E12 Novagen mouse NIH Swiss EXlox library. Hybridization and washes were performed as previously described (Bertuzzi et al., 1996) .
In situ hybridization and binding assays
RNA in situ hybridization was performed as previously described (Sheng et al., 1997) . Induction of Ldb1 protein, Western blotting, in vitro translation of protein probes and far-Western binding assays were performed as described (Agulnick et al., 1996) . S labeled LIM proteins. The probe is indicated above each blot. Extracts from bacteria not induced (−) and induced (+) with IPTG were applied to each blot. Loading of equal amounts of induced and uninduced cell protein was assessed by Comassie blue staining of a separate gel (not shown). Weak radioactivity in uninduced lanes is due to the leakiness of the Lac repressor system.
